tural and even urban environments (Vaughan, 1983) . Coyote distributions, once confined primarily to plains and deserts, recently have expanded greatly following the spread of civilization and the reduction of gray and red wolf ranges (Gier, 1975; Bekoff and Wells, 1986 ). Perturbation of habitats historically occupied by gray wolves may have led to increased interactions between coyotes and wolves. If so, one would predict hybridization to be more frequent in wolf ranges where coyotes have become abundant only recently.
In this study, we assess the prevalence of hybridization through a geographic survey of mitochondrial DNA (mtDNA). The mitochondrial DNA genome of mammals is inherited maternally and clonally (cf. Brown, 1985) . Thus, unlike nuclear alleles, whose persistence will be damped by recombination through the generations subsequent to hybridization, a female's mtDNA genotype can be inherited without disruption, and can increase in populational frequency in future generations without additional hybridization. Evidence of hybridization will remain in a population as long as the mtDNA matriline survives; an mtDNA analysis can reveal vestiges of hybridization even after one of the two species has gone extinct in the hybrid zone.
We present here an examination of mtDNA genotypes found in a wide geographical survey of both gray wolves and coyotes. Our sampling design includes most of the present North American geographic ranges of these species. We surveyed individuals from areas of sympatry as well as from highly isolated areas of allopatry, to determine if any mitochondrial types of either species have become established in populations of the other as a consequence of hybridization. If substantial hybridization has occurred, we can test the specific hypothesis that only in areas of recent ecological change will hybridization be common. Our results provide insights into the determinants of reproductive isolation in highly mobile terrestrial vertebrates. Approximately 10 ,ug of genomic DNA from each of the coyote samples and from 239 of the wolf samples were digested with an excess of each of the following 21 restriction enzymes: Apa I, Bam HI, Bcl I, Bgl 1, Bgl II, Bst EIl, C/a I, Dra I, Eco RI, ECo RV, Hind III, Nco I, Sca I, Sst I, Stu I, Xba I, and Xmn I, all of which recognize unambiguous six base sequences, Acc I and Hinc II, which recognize ambiguous six base sequences, and Bst UI and Hha I, which recognize four base sequences. These enzymes were selected to minimize recognition sequence overlap, with the exception of the four base enzymes whose recognition sequences overlap by three bases. The remaining 37 wolf samples were digested with only two of the enzymes, Eco RV and Bg/ II (see Results). A presence-absence matrix of restriction sites for each genotype was used to generate a maximum parsimony tree relating wolf and coyote genotypes. This tree was produced using the global-branch-swapping option in the PAUP program of David Swofford, version 2.4 (1985). It was rooted at the midpoint of the longest patristic distance. An estimate of the percent nucleotide sequence divergence between selected genotypes was obtained using the proportion of shared restriction sites (Nei and Li, 1979) . When possible, restriction site data from restriction enzymes having different numbers of nucleotides in their recognition sequences were treated separately and then combined in a weighted average for the final estimate. This could not be done when no variation existed between all patterns in a particular class of enzymes; in these cases enzymes were lumped into fewer classes.
MATERIALS AND METHODS

Tissue
RESULTS
Thirteen gray wolf and 24 coyote genotypes were defined by the panel of 21 restriction enzymes (Table 2: wolves are WI through W13 and coyotes are Cl through C24). Four of the genotypes found in wolves are also found in coyotes (WI 0 is identical to C14, Wll is identical to C17, W12 is identical to C1 8, and W 13 is identical to C24). Moreover, three other genotypes found in wolves bear a strong similarity to coyote genotypes: W7 differs by only three restriction sites from C24, and W8 differs from W7 by a single site, and W9 differs from C1 7 by two sites. These data also indicate that the wolf genotypes W1 through W6 are very distinct from the remaining wolf and coyote genotypes (Table 2) . Fourteen of the 21 enzymes show restriction fragment patterns specific to either genotype group (for example Bgl I; Fig. 2 ) whereas the remaining 7 enzymes produce patterns found in both groups. A minimum of 26 restriction sites differ between the WI through W6 group and the group containing the genotypes W7 through W 13 and Cl through C24. This is in contrast to the maximum within-group difference of 16 restriction sites.
These restriction site differences are illustrated in a phylogenetic tree relating genotypes (Fig. 3) . Wolf genotypes WI through W6 are a monophyletic group well distinguished from both the coyote genotypes and the wolf genotypes W7 through W13. The phylogenetic tree clearly suggests that the "6coywolf' genotypes (W7 through WI 3) are derived from hybridization with coyotes. Also, despite samples from coyotes in areas where wolves were historically or are currently abundant, no "pure" wolf genotypes WI through W6 are found in coyotes. Therefore, introgression of mtDNA appears to be unidirectional from coyotes into wolves.
With the availability of 14 enzymes that will distinguish between an individual having the pure wolf mtDNA type or the coyote-like mtDNA type, an additional 37 wolves could be assayed quickly with only two enzymes (Eco RV and Bgl II) to determine their general genotypic affiliations. This allowed us to include highly degraded organ samples in our survey because the coyote-type fragment pattern generated by these enzymes is quite distinct from the wolftype pattern. Among these wolf samples, most of which were from Alaska and the Northwest Territories, a pure wolf type was found in all (Table 3) .
The range of sequence divergence within and among coyote and gray wolf genotypes can be estimated by calculation of the average number of shared sites between genotypes (Nei and Li, 1979). The estimates of divergence between the eight most distinct genotypes are given in Table 4 . The sequence divergence between any pair of coyote and pure wolf genotypes ranges between approximately 2.7-4.2%. The maximum intraspecific divergence between wolf, coyote, and coywolf genotypes is 0.63%, 2.0%, and 0.92%, respectively. Thus, the interspecific divergence between pure wolf and coyote types is 1.4-6.7 times greater than within each genotype group.
The geographic distribution of the wolf genotypes delineates a potential hybrid zone. (Table 5 ). However, the phylogenetic relationships of the coyote and coywolfgenotypes provide an indication that the minimum number of successful hybridizations has been six. The genotypes W10, W I 1, W 12, and W 1 3 are identical to coyote types and consequently are the direct result of four hybridization events. In contrast, the genotypes W7, W8, and W9 have not been found in our coyote sample, and we cannot distinguish between the possibility that they are actual coyote genotypes, which have not been sampled, or that they have each evolved after hybridization from observed coyote types. However, the W7 and W9 types differ in sequence by an estimated 0.92%, reflecting 10 restriction sites. For one of these types to have evolved from the other since coyotes invaded this region would require an improbably high evolutionary rate. Thus, these genotypes likely diverged during the Pleistocene evolution of coyotes and probably represent two additional hybridization events.
The most likely candidate genotype for in situ evolution is W8, which has been found only in the seven wolves sampled from Isle Royale plus in one wolf from the Ontario Our data indicate that repeated hybrid- (Mech, 1987 , and unpubl. data). Barton and Hewitt (1989) have surveyed over 170 hybrid zones and conclude that most have a width of less than 50-a. Although we feel that the zone described in the current study is quite dynamic and subject to rapid expansion or contraction depending on human intervention (see below), 50 a would span 2,500 km, which exceeds the zone's present width of no more than 500 km (e.g., Armstrong, Ontario to Duluth, Minnesota).
Dispersing wolves may breed with coyotes if the latter are abundant, and the two species come into frequent contact. In the In other areas of sympatry, where conversion to agriculture is slow or nonexistent, such as in Alaska, Montana, and in Riding Mountain National Park, no wolves appear to possess coyote genotypes (Table 5 ). Interspecific partitioning, either spatial or behavioral, may well be sufficient to prevent hybridization between wolves and coyotes. In northeastern Alberta, for instance, coyotes generally avoid wolves by occupying areas at the periphery of wolf pack territories, even when wolf densities are low (Fuller and Keith, 1981). Also, though coyotes in Riding Mountain National Park are known to follow wolf packs, perhaps to scavenge food (Paquet, 1989) , reports of coyotes being killed by the packs are common (Carbyn, 1982). In fact, Mech (1966) suggested that coyotes were extirpated from Isle Royale by wolves. If true, then the coyote-like mtDNA genotype probably entered the wolf population before wolves colonized the island.
The distribution of coywolf genotypes in Minnesota, Ontario, and Quebec (Fig. 4) matches well with the distributions of morphologically defined subspecific wolf types as described by Kolenosky and Standfield (1975) Interestingly, in later morphological examinations of Ontario Canis samples, it was concluded that the size cline in wolves was a function of prey size and abundance rather than differential frequencies of coyote hybridization as suggested here (Schmitz and Kolenosky, 1985; Schmitz and Lavigne, 1987) . These authors also tentatively concluded that coyotes in Ontario were larger than typical western coyotes as a result of hybridization with wolves. For this to be true, the offspring of a wolf-coyote mating would have to backcross into the coyote population. Our sample of 16 Maine coyotes reveals no pure wolf genotypes, but as in Ontario, coyotes in this region could be descendants from crosses between male wolves and female coyotes.
The fact that the two most abundant coywolf genotypes, W7 and W9, have not been found in coyotes could mean that hybridization has occurred also in the distant past, and subsequently the progenitors of these two coyote-type lineages have gone extinct through mutation and drift in coyotes. Alternatively, the types W7 and W9 could now be rare in coyotes, having declined in frequency at our sampling localities over the last century.
However, the history of coyote range expansion implicates a definite pattern of recent hybridization events. As summarized by Nowak (1979) 
The Directionality of Hybridization
Because mammalian mtDNA is strictly maternally inherited (Giles et al., 1980; Brown, 1985) , it appears that coyote mtDNA is transferred into gray wolves through matings of male wolves with female coyotes, their offspring backcrossing into the wolf population to generate wolves with coyote mtDNA. Of course, if crosses of this type bred back into the coyote population, we would not be able to detect it with an mtDNA analysis because the hybrids would have coyote mtDNA. Thus, it is still conceivable that the populations of larger coyotes in central Ontario (Schmitz and Lavigne, 1987) Hilton (1978) have addressed the subject of hybridization in canids. These authors have proposed that wolf-coyote hybrids are more likely to be responsible for the observed morphological extremes in natural populations than are hybrids between these species and dogs. A phase shift in the breeding cycle of offspring of coyote-dog matings has been invoked to explain the inability of the hybrids to backcross into the coyote population (Mengel, 1971) . Moreover, coydog hybrids, along with wolf-dog hybrids, presumably would not be as well suited to surviving under natural conditions as wild canid individuals whose competitiveness has not been dulled by the influence of domestication (Hilton, 1978) . Compounding the problems of such hybrids is the fact that their fathers, if dogs, would provide little parental care for their young, again lowering the chances that the hybrids would survive and reproduce (Mengel, 1971). Nevertheless, there are reports of scattered wolf-dog hybrids surviving near cities in Italy (Boitani, 1982) and in the Soviet Union (Bibikov, 1982) .
While hybrids of gray wolves and coyotes would not be expected to suffer from these handicaps, it is challenging to provide a scenario in which offspring of male wolves and female coyotes successfully integrate into wolf populations, whereas hybridization between male coyotes and female wolves, if occurring, does not result in introgression of wolf mtDNA into coyote populations. Table 6 describes the possible crosses. We hypothesize that the most probable sequence of events is the following. First, in areas of recent sympatry, young dispersing male wolves will encounter sexually mature female coyotes. If female wolves are rare in the locality, the male wolf may mate with the female coyote. Under more stable ecological conditions, such as in areas of longterm sympatry, the most common interaction between gray wolves and coyotes is that lone coyotes are killed by wolf packs, as discussed above. However, in agriculturally developed areas bordering wolf habitat, the more abundant coyote may be tolerated and even courted by dispersing male wolves. Second, the wolf-coyote pair raise their young in these regions not occupied by resident wolf packs. The hybrids would presumably have the benefits of biparental care. Last, the female hybrids eventually become breeding adults, and new wolf-like packs are established when additional dispersing male wolves are encountered by the hybrids. They and their descendants develop into "legitimate" wolf packs with only a coyote mtDNA to betray their ancestry.
We believe this scenario to be more likely than one in which female coyotes (or the female hybrids of wolf-coyote matings) are directly accepted into pre-existing wolf packs. Even if they were not killed by the pack, these females would seem to stand little chance of becoming dominant and having the degree of reproductive success that is documented in our mtDNA study.
From our present data, we cannot deduce the frequency with which coyote mtDNA has introgressed into wolf populations. Even though 83 of 136 wolves assayed in Minnesota and western Ontario have coyotetype mtDNA (Table 5) , this may represent the proliferation of only a very few coyote matrilines. A survey, of nuclear loci would be needed to estimate the percentage of coyote genome currently present in wolves with a coyote-type mtDNA. However, successful hybridizations must have occurred at least six times in the wild to explain the existing coyote-type mtDNA genotypes in wolves (allowing in situ evolution). Additional coyote genotypes may be discovered in a larger sample of wolves.
Genetic Divergence and Diversity Restriction site differences indicate approximately 2.7-4.2% sequence divergence between the mtDNA of gray wolves and coyotes (Table 4) . Using an estimate of a constant 2% mtDNA sequence evolution per million years (Shields and Wilson, 1987). we would conclude that the two species diverged 1.4-2.1 million years ago. This age is more recent than the date of 3 million years ago, which has been estimated from allozyme genetic distances (Wayne and O'Brien, 1987) . On the other hand, paleontological data place the divergence during the later Pleistocene, 600,000 to 800,000 years ago (Kurten and Anderson, 1980). Thus, our data confirm the notion that the fossil record may not have accurately timed the split of these species, even allowing substantial error in the estimations of sequence variation from site data or in the constancy of the molecular clock. An interesting alternative, however, is that the genealogy of mtDNA may not reflect the genealogy of the species (cf. Takahata and Nei, 1985; Takahata, 1989) . In this case, the mtDNA lineage giving rise to the pure gray wolf types may have diverged from lines ancestral to existing coyote types significantly prior to the coyote-wolf species split. If true, then one would not necessarily expect agreement between molecular and fossil data. The differences in intraspecific variation within the species also present alternative explanations. There is maximally about 2% sequence divergence among coyote-type genotypes as compared to 0.63%, or about one-third as much, among the pure wolf genotypes. Assuming no significantly distinct lineage has been missed in our survey of both species, there are at least two hypotheses that explain the difference. First, in accord with the fossil record, the coyote lineage may be three times older than the gray wolf lineage, such that more sequence variation has been able to accumulate. Coyote-like fossil forms are thought to extend further back in time, 2-3 million years, such that the gray wolf is a more recent offshoot of the Canis line, being one-third as old (Kurten, 1974) . Second, the gray wolf may have undergone a sharp population bottleneck in the recent past, with the loss of most mtDNA lineages. Undergoing 2% sequence evolution per million years, the pure wolf mtDNA types would have coalesced roughly 300,000 years ago to a single common ancestor.
Finally, from the phylogenetic tree (Fig.  3) and Table 3 , it can be seen that phylogeographic partitioning in coyotes is not particularly strong. This is not surprising given the good dispersal capabilities of large canids (see Wayne et al., 1990) . It is notable, however, that the coywolf genotypes W7 through WI 3 are all derived from the more diverse coyote-type clade in Figure 3 , the clade that contains all, but not exclusively, the eastemmost coyote genotypes.
Conclusions
Our results suggest that in disturbed areas, previously ecologically distinct species may interbreed if one is rare and the other abundant. In large, highly mobile carnivores such as coyotes and gray wolves, introgression can be rapid and occur over broad areas. This study in particular reveals a unidirectional introgression of genes resulting from matings between male wolves and female coyotes. Such an event has taken place a minimum of six times, and there is evidence for sequence evolution within the hybrid matrilines. As areas historically occupied by wolves become more agricultural, the genetic integrity of wolves may be increasingly threatened by interbreeding with coyotes. Thus, in addition to the direct effects of habitat destruction and depredation programs on wolves, there is a need for biologists to be concerned with the insidious effects of interspecific hybridization.
